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Vapor-phase hydrothermal transformation of nanosheet array 

structure Ni(OH)2 into ultrathin Ni3S2 nanosheets on nickel foam 

for high-efficiency overall water splitting 

Guoqiang Liuab†, Zhongti Sunc†, Xian Zhang,ab Haojie Wangab, Guozhong Wanga, Xiaojun Wuc, Haimin Zhang*a 

and Huijun Zhaoad 

Electrocatalytic water splitting has been widely accepted as an environmently friendly approach to generate 

clean H2. However, the sluggish oxidation half reaction, namely, oxygen evolution reaction (OER) usually 

requires high overpotential, which is the bottleneck of high-efficiency overall water splitting to generate H2. 

Herein, we report the preparation of ultrathin nanosheet array Ni3S2 with 9~14 nm in nanosheet thickness 

grown directly on commercial Ni foam substrate (Ni3S2/NF) by in-situ vapor-phase hydrothermal (VPH) 

transformation of the nanosheet array structure Ni(OH)2/NF precursor. As a multifunctional electrocatalyst, 

the as-fabricated Ni3S2/NF-2 (VPH time of 2 h) displays excellent electrocatalytic activities toward the 

hydrazine oxidation reaction (HzOR) with a potential at 0.415 V (vs. RHE) to deliver a current density of 100 

mA cm-2, OER with an overpotential of 425 mV obtaining the same current density, and hydrogen evolution 

reaction (HER) with an onset potential of -0.05 V (vs. RHE) in 1.0 M KOH media. A two-electrode system is 

therefore constructed using the Ni3S2/NF-2 as both anode and cathode, capable of achieving 100 mA cm−2 at 

0.867 V in 1.0 M KOH with 0.2 M hydrazine. The density functional theory (DFT) calculations reveal that the 

adsorption of N2H4 molecules on the Ni3S2 (110) is more thermodymanic favourable than H2O, thus 

contributing high HzOR activity. 

Introduction 

The acquisition of clean hydrogen fuel by the electrocatalytic water 

splitting has been considered as a promising approach to replace 

traditional fossil fuels and solve the issues of energy and 

environment in the future.1 Two key reaction processes involved in 

the electrocatalytic water splitting are the hydrogen evolution 

reaction (HER) and oxygen evolution reaction (OER), which are 

highly dependent on the electrocatalytic activities of the HER and 

OER electrocatalysts.2 As we know, the HER half-reaction is 

thermodynamically more favourable than the OER half reaction 

during an overall water splitting, because of the kinetically sluggish 

four electron transfer process of the OER.3,4 Therefore, massive 

efforts have recently been devoted to the development of high-

efficiency OER electrocatalysts with low overpotentials.5 Although 

most reported OER electrocatalysts exhibit superior oxygen 

evolution activities in alkaline media, their catalytic active 

mechanisms are still unclear, and sometimes controversial owing to 

the dynamic change of the catalyst atomic structure and 

composition in alkaline media under the operando conditions. This 

gives rise to a great difficulty to construct a meaningful atomic 

structure model of the catalytic active site for the theoretical 

prediction of the OER active mechanism. In alkaline media, high 

overpotential of the oxidation half-reaction of an electrocatalyst 

readily arouses the change of the catalyst atomic structure and 

composition during electrocatalysis.6 Therefore, the development 

of effective strategies to significantly decrease the overpotential of 

the oxidation half-reaction using a low-cost and abudant 

electrocatalyst, is not only favourable for high-efficiency H2 

generation by the electrocatalytic water splitting, but also benefical 

for the active mechanism study due to the unchanged catalyst 

structure and composition at low overpotential under the operando 

conditions.7-8 
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Recently, several studies have demonstrated that the 

electrocatalytic oxidation of fuel molecules (e.g., methanol, 

ethanol, urea etc.) can effectively decrease the overpotentials of 

the oxidation half-reaction compared to the OER process from 

water splitting, thus significantly improving the H2 generation 

efficiency by utilizing the fuel molecules oxidation reaction to 

replace the OER process for the overall water splitting.9-12 This 

concept is also extended to electrocatalytically synthesize high 

value-added chemicals.7-11 Owing to strong reductive capability (-

0.33 V vs. RHE) and high energy density (5.5 kWh L-1), hydrazine 

(N2H4) has been widely recognized as a promising liquid fuel for 

direct hydrazine fule cells (DHFCs) with a theoretical voltage of 

~1.56 V and environmentally friendly oxidation products (nitrogen 

and water).13,14 The introduction of hydrazine oxidation reaction 

(HzOR) in DHFCs can significantly decrease the overpotential of the 

oxidation half-reaction, possibly meaning that the integration of the 

HzOR process into an overall water splitting may be very favourable 

for the electrocatalytic H2 generation. However, the realization of 

these purposes is highly dependent the HzOR activity of an 

electrocatalyst, of course, the corresponding HzOR active 

mechanism is also worthy of in-depth investigation and disclosure.  

Up to now, transitional metal (e.g., Co, Ni) based materials have 

been studied intensively as the HER and OER electrocatalysts for 

water splitting to generate H2 due to their high efficiency, low cost 

and resource abundance.15,16 Herein, nanosheet-structured Ni(OH)2 

directly grown on commercial nickel (Ni) foam (NF) was first 

fabricated by a facile hydrothermal method. Subsequently, the as-

fabricated Ni(OH)2/NF was further used as precursor to in situ 

transform into ultrathin nanosheet-structured Ni3S2/NF using 

thiourea as vapor reactant resource (e.g., H2S) through a vapor-

phase hydrothermal (VPH) method developed previously  by our 

group (Fig. S1, ESI†).12,17-19 The results demonstrate that the 

resultant Ni3S2/NF-2 sample obtained at 220 °C under VPH 

conditions with a reaction time of 2 h exhibits ultrathin nanosheet 

array structure with thickness of 9~14 nm in nanosheet, vertically 

grown on the NF substrate, significantly different from its precursor 

Ni(OH)2/NF with the nansheet thickness of 130~180 nm. Such 

ultrathin Ni3S2 nanosheet array structures on the NF substrate are 

very favourable for the exposure of catalytic active sites for high-

efficiency electrocatalysis.20,21 As a result, the Ni3S2/NF-2 displays 

superior trifunctional electrocatalytic activities of HER, OER and 

HzOR with the onset potentials of -0.05, 1.52 and 0.10 V (vs. RHE) in 

1.0 M KOH solution, respectively. Apparently, the introduction of 

0.2 M hydrazine in 1.0 M KOH results in significantly decreased 

oxidation potential using the Ni3S2/NF-2 electrode compared to the 

OER process from the electrocatalytic water oxidation. Moreover, 

only 0.415 V (vs. RHE) of the oxidation potential in 0.2 M 

hydrazine+1.0 M KOH using the Ni3S2/NF-2 electrode can afford a 

high current density of 100 mA cm-2. Owing to superior HER and 

HzOR activities, the Ni3S2/NF-2 was concurrently used as the 

cathode and anode material to construct a two-electrode system 

for the overall water splitting, delivering a high current density of 

100 mA cm−2 at only 0.867 V in 1.0 M KOH with 0.2 M hydrazine. 

Comparatively, the applied voltage is 2.01 V for such two-electrode 

system to achieve the current density of 100 mA cm−2 in 1.0 M KOH 

without the introduction of hydrazine. The superior HzOR activity 

on the Ni3S2/NF-2 has been discussed on the basis of the 

experimental and theoretical calculations results. The density 

functional theory (DFT) calculations indicate that N2H4 molecule 

owns much stronger interaction with the Ni3S2 (110) (adsorption 

energy of -1.41 eV) than that  (adsorption energy of -0.82 eV) of 

H2O on the Ni3S2 (110), thus contributing superior HzOR activity. 

Experimental section 

Chemicals 

Nickel (Ni) foam, hydrochloric acid (HCl) and potassium hydroxide 

(KOH) were provided by Sinopharm Chemical Reagent Co., Ltd. 

Thiourea (CH4N2S) was purchased from Aladdin Industrial 

Corporation. Commercial carbon fiber cloth was supplied by 

Shanghai Hesen Electric Co., Ltd, China. All chemicals were used as 

received without any further treatment. All experiments were 

performed at room temperature (~25 ℃). 

Fabrication of nanosheet-structured Ni(OH)2/NF 

Nanosheet-structured Ni(OH)2/NF was fabricated according to a 

previously reported method.22 Prior to the fabrication, the 

commercial Ni foam (4.0×2.0×0.16 cm3) was sequently washed in 

3.0 M HCl solution, ethanol and deionized water under ultrasound 

conditions. Subsequently, the pre-cleaned Ni foam was immersed 

into a 50 mL of HCl solution with pH=3.0, and then the above 

mixture was transferred into 80 mL of Teflon-lined stainless-steel 

autoclave. The autoclave was maintained at 180 °C for 6 h. After 

cooling down to room temperature, the hydrothermal treated Ni 

foam was adequately washed for several times with deionized water 

and dried at 60 °C in vacuum for overnight. The finally obtained 

sample was denoted as Ni(OH)2/NF. 

Fabrication of ultrathin nanosheet-structured Ni3S2/NF 

Ultrathin nanosheet-structured Ni3S2/NF samples were fabricated 

through a vapor-phase hydrothermal (VPH) method reported 

previously by our group.12,17-19 In a typical fabrication, the VPH 

reaction was performed in a Teflon-lined stainless-steel autoclave 

(80 mL) with Ni(OH)2/NF precursor placed above liquid level of 10 

mL of 1.5 M thiourea solution (Fig. S1, ESI†). The VPH reaction was 

carried out at 220 °C for 1, 2 and 3 h. Finally, the obtained products 

were washed with deionized water for several times and then dried 

at 80 °C in vacuum for overnight. The as-fabricated samples were 

denoted as Ni3S2/NF-1, Ni3S2/NF-2 and Ni3S2/NF-3 with different 

reaction times. The Ni3S2 loading amount on Ni foam substrate is 

estimated to be ~2.5 mg cm-2, ~1.4 mg cm-2 and ~1.3 mg cm-2 for 

Ni3S2/NF-1, Ni3S2/NF-2 and Ni3S2/NF-3, respectively. 

Characterization 

X-ray diffraction (XRD) patterns of the samples were identified on a 

Philips X-Pert Pro X-ray diffractometer with Cu Kα radiation (λKα1 = 

1.5418 Å). The morphological and structural information of the 

samples was obtained by field emission scanning electron 

microscopy (FE-SEM, SU 8020) with an accelerated voltage of 10 kV 

and transmission electron microscopy (TEM, JEOL 2010) with an 
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accelerated voltage of 200 kV. X-ray photoelectron spectroscopy 

(XPS) analysis of the samples was performed on an ESCALAB 250 X-

ray photoelectron spectrometer (Thermo, USA) equipped with Al 

Kα1,2 monochromatized radiation at a 1486.6 eV X-ray source. 

Raman spectra of the samples were obtained via a LabRAM HR800 

confocal Raman microscope (Horiba Jobin Yvon) with an Ar ion laser 

operating at 632 nm. 

Electrochemical measurements 

The electrochemical measurements of the as-fabricated samples for 

the hydrogen evolution reaction (HER), oxygen evolution reaction 

(OER) and hydrazine oxidation reaction (HzOR), were investigated 

on a CHI760D (CH Instruments, Inc., Shanghai, China) 

electrochemical workstation, using a traditional three-electrode 

system composed of the as-fabricated catalyst as the working 

electrode, and a Hg/HgO electrode and a commercial carbon cloth 

as the reference electrode and counter electrode. The as-prepared 

samples were cut into 1 cm × 2 cm as the working electrodes. For 

comparison, the commercial RuO2 and Pt/C were coated on 

commercial Ni foam for measurements. The linear sweep 

voltammetry (LSV) curves were recorded in 1.0 M KOH solution with 

(HzOR) or without (OER and HER) 0.2 M hydrazine at a scan rate of 

5.0 mV s-1. The electrochemical impedance spectroscopy (EIS) 

analysis of the samples was performed in a frequency range from 

100,000 Hz to 0.1 Hz at 1.55 V (vs. RHE) with 5.0 mV amplitude 

using a CHI 760D electrochemical workstation. 

Calculation details 

All the calculations were performed by spin-polarized 

density functional theory, implemented by Vienna Ab-initio 

Simulation Package (VASP)23,24 with projector augmented wave 

(PAW) method.25 The electronic exchange-correlation interactions 

were treated with Perdew-Burke-Ernzerhof (PBE) functional.26 The 

plane wave energy cutoff was set to be 400 eV, the job was stopped 

until the total energy and force with less than 10-5 eV and -0.01 

eV/Å. The Brillouin zone integrations with Monkhorst-Packing 

method were used 4×4×1 and 8×8×1 k-points for optimization and 

static computations.27 We built (1×1) Ni3S2 (110) surface with three 

layers, one layer was composed of three Ni3S2 unit. The third layer 

was fixed, other layers and adsorbates was allowed to relax fully. 

There are low and high coordinate Ni atoms in the surface named 

as Ni-1 and Ni-2 in Fig. S2 (ESI†), respectively. The vacuum space is 

15 Å. Charge transfer between molecules and Ni3S2(110) surface 

was analyzed through bader charge analysis.28 

According to the types of Ni atoms, we considered two 

adsorption configurations of N2H4 and H2O molecules on the 

Ni3S2(110) surface in Fig. S3 (ESI†), respectively. The adsorption 

energies of N2H4 and H2O molecules were calculated by below 

formula: 

Eads=Etotal-Esurf-Emole 

where Etotal and Esurf are the total energy of Ni3S2(110) surface with 

and without molecule, Emole is the energy of N2H4 and H2O. Positive 

and negative values indicate endothermic and exothermic, 

respectively. 

For H2O, the adsorption energy of H2O-1 with -0.82 eV on the Ni-

1 site is lower than H2O-2 with -0.17 eV on the Ni-2 site by 0.65 eV. 

The Adsorption energy of N2H4-2 with single-dendate on Ni-1 site is 

a little lower than N2H4-1 with bidendate on Ni-1 and Ni-2 sites by 

0.06 eV. 

Results and discussion 

In this work, Ni(OH)2 nanosheet arrays were first grown on the pre-

cleaned commercial nickel foam (NF) substrate by a simple 

hydrothermal method.22 Subsequently, the nanosheet array 

structure Ni(OH)2/NF as precursor was in situ transformed  into 

 

 
Fig. 1 (a) XRD patterns of the as-prepared samples. (b) Raman spectra of NF, 

Ni(OH)2/NF and Ni3S2/NF-2. SEM images of (c) NF, (d) Ni(OH)2/NF, (e) Ni3S2/NF-

1 and (f) Ni3S2/NF-2. 

 

 

Fig. 2 (a) SEM images and (b) EDS elemental mapping images of Ni3S2/NF-2. 

(c) TEM image and (d) HR-TEM image of Ni3S2/NF-2. 

 

Page 3 of 10 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 1
8 

Se
pt

em
be

r 
20

18
. D

ow
nl

oa
de

d 
by

 K
ao

hs
iu

ng
 M

ed
ic

al
 U

ni
ve

rs
ity

 o
n 

9/
18

/2
01

8 
8:

38
:1

7 
A

M
. 

View Article Online
DOI: 10.1039/C8TA07162D

http://dx.doi.org/10.1039/c8ta07162d


ARTICLE Journal Name 

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

ultrathin nanosheet array structure Ni3S2/NF by a vapor-phase 

hydrothermal (VPH) method.12,17-19 At 220 °C, thiourea can 

decompose to produce gaseous products such as H2S, which further 

react with Ni(OH)2 nanosheet array structures on the NF substrate 

to in situ reconstruct and form the ultrathin Ni3S2 nanosheet arrays 

on the NF. The fomed ultrathin Ni3S2 nanosheet arrays are very 

favourable for the exposure of the catalytic active sites and electron 

transfer for high-efficiency electrocatalysis. Fig. 1a shows the XRD 

patterns of NF substrate, Ni(OH)2/NF, Ni3S2/NF-1, Ni3S2/NF-2 and 

Ni3S2/NF-3. As shown, the NF substrate exhibits two strong 

diffraction peaks at 2θ=44.3°and 51.6°, which can be due to the 

(111) and (200) planes of the metallic Ni (JCPDS no. 04-0850).29 

Besides of two characteristic diffraction peaks of metallic Ni, other 

five peaks at 2θ=19.3°, 33.1°, 38.6°, 59.1° and 62.7° can be clearly 

observed for the Ni(OH)2/NF, corresponding to the (001), (100), 

(101), (110) and (111) planes of Ni(OH)2 (JCPDS no. 14-0117).30 

Interestingly, it can be seen that the Ni3S2/NF-1 sample exhibits the 

diffraction peaks of metallic Ni, Ni(OH)2 and Ni3S2, indicating an 

incomplete transformation of Ni(OH)2 to Ni3S2 with a short VPH 

reaction time of 1 h. However, besides of the diffraction peaks of 

metallic Ni, the Ni3S2/NF-2 and Ni3S2/NF-3 samples display the 

diffraction peaks at 21.7°, 31.1°, 37.7°, 38.2°, 49.7°, 50.1°, 54.6° and 

55.4°, indexed to (101), (110), (003), (021), (113), (211), (104) and 

(122) planes of the hexagonal phase Ni3S2 (JCPDS no. 44-1418).31,32 

No diffraction peaks of Ni(OH)2 can be deteced for the Ni3S2/NF-2 

and Ni3S2/NF-3 samples, suggesting a complete transformation of 

Ni(OH)2 to Ni3S2 with a long VPH reaction time (2 h or 3 h). Fig. 1b 

shows the Raman spectroscopy analysis of NF substrate, Ni(OH)2/NF 

and Ni3S2/NF-2 samples. As we know, metallic Ni as typical metallic 

crystal, no Raman peaks can be observed. However, the Ni(OH)2/NF 

shows two characteristic Raman peaks at 312 and 446 cm-1, which 

are attributed to an E-type vibration of the Ni(OH)2 lattice and Ni-O 

stretching, respectively.33 After the VPH treatment, the Ni3S2/NF-2 

exhibits six peaks at 186, 199, 223, 302, 320, and 346 cm-1, which 

can be ascribed to the different vibration types of  Ni3S2.34,35 The 

above results further confirm the formation of Ni3S2 on the NF 

substrate by the VPH transformation of Ni(OH)2 with a long reaction 

time (e.g., 2 h). Fig. 1c shows the SEM image of commercial NF 

substrate, exhibiting a relatively smooth surface structure. After a 

hydrothermal treatment of NF substrate in HCl solution with a pH of 

3.0 at 180 °C for 6 h, large-scale Ni(OH)2 nanosheet array with 

nanosheet thickness of 130~180 nm can be observed on the NF 

substrate for the Ni(OH)2/NF (Fig. 1d). The nanosheet thickness is 

decreased to 70~90 nm for the Ni3S2/NF-1 sample (Fig. 1e). Further 

increasing the VPH reaction time to 2 h, the Ni3S2/NF-2 presents the 

nanosheet thickness decreased to 9~14 nm (Fig. 1f), which can be 

further confirmed by the following TEM characterization. After the 

VPH reaction of 3 h (Fig. S4, ESI†), the Ni3S2/NF-3 displays ultrathin 

and size-decreased nanosheet structures on the NF with damaged 

morphologys, possibly decreased the active species for the 

electrocatalysis. The above results demonstrate that the decrease of 

the nanosheet thickness and size with the reaction time may mean 

partial Ni reaction resource running off into the aqueous phase 

during the VPH transformation of Ni(OH)2 to Ni3S2.  

The low-magnification SEM images (Fig. 2a) of Ni3S2/NF-2 indicate 

that the ultrathin nanosheet arrays can be maintained well on the 

NF, which is critically important for its electrocatalysis application 

when directly used as the electrode. Fig. 2b shows the energy 

dispersive spectroscopy (EDS) element mapping analysis of the 

Ni3S2/NF-2. Clearly, the element mapping results indicate that the Ni, 

S and O elements are homogeneously distributed over the entire 

Ni3S2/NF-2, verifying the formation of nickel sulfide. Moreover, the 

O element may be from the substrate of NF under 220 ℃ for 2 h 

reaction. Fig. 2c and Fig. S5 (ESI†) shows the different-magnification 

TEM images of Ni3S2/NF-2. The ultrathin nanosheet structures can 

be clearly observed with Ni3S2 nanosheet thickness of 9~14 nm.36,37 

The high-resolution TEM image (Fig. 2d) of an individual nanosheet 

shows the lattice fringe spacings are 0.24 and 0.28 nm, 

corresponding to the (003) and (110) crystallographic planes of the 

hexagonal Ni3S2.38,39 As shown in Fig. S6 (ESI†), the thickness of 

Ni3S2 nanosheet array is 4.8 μm, 4.2 μm and 3.7 μm for Ni3S2/NF-1,  

Ni3S2/NF-2 and Ni3S2/NF-3, respectively. The formation of ultrathin 

Ni3S2 nanosheet arrays not only validates the superiority of the in-

situ VPH transformation method in regulating the crystal phase and 

composition of nanostructure material, but also possibly provides 

well-exposed Ni- and S-related catalytic active sites and high 

conductivity for high-efficiency electrocatalysis.  
Recently, Ni-based hydroxides and sulfides have been widely 

investigated for the electrocatalysis, exhibiting superior 

electrocatalytic activities of the oxygen evolution reaction (OER). 
17,21,29,38,40-43 In this work, the as-fabricated Ni(OH)2/NF, Ni3S2/NF-1, 

Ni3S2/NF-2 and Ni3S2/NF-3 samples were used as the 

electrocatalysts for evaluating their OER activities in 1.0 M KOH 

electrolyte. Fig. 3a shows the linear sweep voltammetry (LSV) 

curves without iR compensation of all electrocatalysts as well as the 

commercial NF and RuO2 in N2-saturated 1.0 M KOH electrolyte with 

a scan rate of 5.0 mV s-1. It can be seen from Fig. 3a that the NF 

itself exhibits poor OER activity with an onset potential of 1.56 V (vs. 

 

 
Fig. 3 (a) LSV curves of NF, Ni(OH)2/NF, Ni3S2/NF-1, Ni3S2/NF-2, Ni3S2/NF-3 and 

commercial RuO2 catalysts with a scan rate of 5 mV s-1. (b) OER durability test 

for the Ni3S2/NF-2 electrocatalyst in 1.0 M KOH. (c) Current density as a function 

of the scan rate for the Ni3S2/NF-1, Ni3S2/NF-2 and Ni3S2/NF-3 catalysts. (d) EIS 

spectra of NF, Ni(OH)2/NF, Ni3S2/NF-1, Ni3S2/NF-2 and Ni3S2/NF-3 catalysts. 
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RHE) and an overpotential of 645 mV in a current density of 100 mA 

cm-2, while the commercial RuO2 shows higher OER activity with an 

onset potential of 1.41 V (vs. RHE) and an overpotential of 456 mV 

in a current density of 100 mA cm-2. Comparatively, obvious 

oxidation peaks in the potential range of 1.39~1.45 V (vs. RHE) can 

be first observed for the Ni(OH)2/NF, Ni3S2/NF-1, Ni3S2/NF-2 and 

Ni3S2/NF-3 catalysts, which are mainly attributed to the 

electrochemical oxidation of Ni2+ to Ni3+.39,41,42 Subsequently 

happened OER processes show that the onset potentials are 1.55, 

1.54, 1.52 and 1.55 V (vs. RHE) for the Ni(OH)2/NF, Ni3S2/NF-1, 

Ni3S2/NF-2 and Ni3S2/NF-3 respectively, indicating that the Ni3S2/NF-

2 possesses higher OER activity compared to the Ni(OH)2/NF, 

Ni3S2/NF-1 and Ni3S2/NF-3 catalysts. Moreover, the Ni3S2/NF-2 can 

deliver a high current density of 100 mA cm-2 at lower overpotential 

of 425 mV compared to other Ni(OH)2/NF, Ni3S2/NF-1, Ni3S2/NF-3, 

commercial NF and RuO2 catalysts, further confirming its superior 

OER performance. Furthermore, Table S1 (ESI†) displays a more 

detailed comparison on OER performance of Ni3S2/NF-2 and other 

reported transition metal based electrocatalysts.40-42,44-49 The 

ultrathin nanosheet array structure of the Ni3S2/NF-2 may 

contribute highly exposed catalytic active sites and superior 

conductivity for high OER performance. Fig. 3b shows the cycling 

stability measurement of Ni3S2/NF-2. The LSV curve without iR 

compensation after 1000 CV cycles with a potential scan range from 

1.2 V~1.4 V vs. RHE only indicates a slight decrease in low current 

density range (e.g., the OER activity decay in 100 mA cm-2 is only 

~2.8%), while there is no obvious change of the OER activity in high 

current density range, suggesting its high applicable stability. In this 

work, the electrochemically active surface area (ECSA) of as-

fabricated Ni3S2/NF-1, Ni3S2/NF-2 and Ni3S2/NF-3 catalysts is also 

evaluated by their electrochemical double-layer capacitance (Cdl) in 

a non-Faradaic current region from 0.975 to 1.075 V vs. RHE to get 

insight into their OER activity.17 As shown in Fig. S7 (ESI†), the 

Ni3S2/NF-2 displays higher current density in comparison with 

Ni3S2/NF-1 and Ni3S2/NF-3 at the same scan rate, implying its larger 

Cdl value. As a result, the obtained Cdl value of the Ni3S2/NF-2 is 

∼11.5 mF cm-2 (Fig. 3c), significantly higher than that of the 

Ni3S2/NF-1 and Ni3S2/NF-3 (3.7 and 7.2 mF cm-2 respectively, Fig. 3c). 

The higher ECSA of Ni3S2/NF-2 implies its larger functional surface 

area, thus resulting in its superior OER activity.40 Fig. 3d shows the 

electrochemical impedance spectroscopy (EIS) analysis of as-

fabricated Ni(OH)2/NF, Ni3S2/NF-1, Ni3S2/NF-2 and Ni3S2/NF-3 

catalysts as well as the commercial NF. As shown, the Ni3S2/NF-2 

exhibits the smallest semicircle radius among all investigated 

electrodes, indicating its smallest charge transfer impedance and 

superior electrocatalytic activity, consistent with other 

characterization results.  

The superior OER activity of the Ni3S2/NF-2 can be ascribed to its 

ultrathin nanosheet array structure with highly exposed catalytic 

active sites and good charge transfer capability. Such structure 

feature of the Ni3S2/NF-2 may also favour electrocatalytic oxidation 

of organics. Therefore, hydrazine was selected as a substance for 

evaluating the electrocatalytic oxidation activity of the as-fabricated 

electrocatalysts. Fig. 4a shows the electrocatalytic hydrazine 

oxidation reaction (HzOR) activity of bare NF, Ni(OH)2/NF, Ni3S2/NF-

1, Ni3S2/NF-2 and Ni3S2/NF-3  in 1.0 M KOH with 0.2 M hydrazine. 

The LSV curves without iR compensation of all investigated 

electrocatalysts indicate that the onset potentials are 0.78, 0.40, 

0.23, 0.10 and 0.17 V (vs. RHE) for the NF, Ni(OH)2/NF, Ni3S2/NF-1, 

Ni3S2/NF-2 and Ni3S2/NF-3, respectively. Obviously, the Ni3S2/NF 

catalysts all exhibit higher HzOR activity compared to the bare NF 

and Ni(OH)2/NF, possibly owing to a synergistic effect of their 

composition and unique structure. Futhermore, the Ni3S2/NF-2 

exhibits the best HzOR activity among all catalysts. More 

importantly, the introduction of hydrazine in 1.0 M KOH solution 

results in dramatically decreased oxidation half-reaction potential 

for all investigated catalysts compared to their corresponding OER 

process (Fig. 3a), suggesting their more favourable HzOR. In detail, 

 

 
Fig. 4 (a) LSV curves without iR drop compensation of NF, Ni(OH)2/NF, 

Ni3S2/NF-1, Ni3S2/NF-2 and Ni3S2/NF-3 with 0.2 M hydrazine in 1.0 M KOH. (b) 

Corresponding Tafel plots. (c) and (d) HzOR stability and durability tests of the 

Ni3S2/NF-2 electrocatalyst in 1.0 M KOH with 0.2 M hydrazine. 

 

 

Fig. 5 (a) XRD patterns, (b) XPS Ni 2p, (c) XPS S 2p and (d) XPS O 1s spectrum 

of Ni3S2/NF-2 before (fresh sample) and after long-term  HzOR and OER 

processes. 
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the potential in a current density of 100 mA cm−2 decreases 

respectively 617, 740, 995, 1240 and 1113 mV for the the NF, 

Ni(OH)2/NF, Ni3S2/NF-1, Ni3S2/NF-2 and Ni3S2/NF-3 in the existence 

of 0.2 M hydrazine compared to the electrocatalytic water 

oxidation (OER), further confirming the superior HzOR activity of all 

electrocatalysts. Moreover, the best HzOR activity can be obtained 

for the Ni3S2/NF-2 due to its unique structure. Fig. 4b exhibits the 

corresponding Tafel slopes of bare NF, Ni(OH)2/NF, Ni3S2/NF-1, 

Ni3S2/NF-2 and Ni3S2/NF-3 catalysts with the values of 142.3, 161.8, 

145.6, 95.4 and 136.2 mV dec-1, respectively, suggestting the 

excellent reaction kinetics of Ni3S2/NF-2 for HzOR. The stability test 

of Ni3S2/NF-2 in 1.0 M KOH with 0.2 M hydrazine demonstrates that 

the LSV curve of Ni3S2/NF-2  after 1000 CV cycles at a potential scan 

range from 0.1 V~0.3 V vs. RHE with a scan rate of 20 mV s–1 

diaplays a slight change in current density and  corresponding Tafel 

plots compared to the initial ones, suggesting its good applicable 

stability (Fig. 4c). Fig. 4d shows the dependence of the current 

denisty on the time, indicating that the current density can 

essentially remain at ~13 mA cm-2 over 10 h at a constant potential 

of 0.2 V (vs. RHE), further illustrating its good durability. This 

significantly decreased potential of the oxidation half-reaction 

owing to the superior HzOR activity may mean that the Ni3S2/NF-2 

can be utilized as an HzOR anode to facilitate the H2 generation 

efficiency of the cathode through water splitting. Additionally, the 

atomic structure and composition of the Ni3S2/NF-2 can be 

maintained well at very low HzOR potential, thus capable of 

establishing the meaningful atomic model for further theoretical 

study on the catalytic active mechanism. 

Many reported works have demonstrated that transitional metal 

based materials are electrocatalytically active for the OER in 

alkaline media.2-4,21,38 However, their catalytic active mechanisms 

are not still very clear owing to the dynamic changes of the catalysts 

atomic structures and compositions in alkaline media under the 

operando conditions. The theoretical prediction of the OER active 

mechanism also experiences a great difficulty because a meaningful 

atomic structure model of the catalytic active sites cannot be 

constructed. In this work, we also investigated the change of the 

crystalline phase and composition of the Ni3S2/NF-2 before and 

after the long-term OER and HzOR measurements. Interestingly, it 

can be found that the Ni3S2 phase is still dominant in Ni3S2/NF-2 

after the long-term HzOR measurement, as shown in Fig. 5a. 

However, the XRD diffraction peaks of the Ni3S2/NF-2 after the OER 

are obviously decreased, and some even disappeared compared to 

the pristine Ni3S2/NF-2 in alkaline media, implying the surface of 

Ni3S2 possibly transforming into other components. This is 

consistent with the reported results.7,8 Simultaneously, the SEM and 

TEM images (Fig. S8, ESI†) of the Ni3S2/NF-2 after long-term OER 

process are also supplied, still exhibiting nanosheet structures with 

relatively coarse surface compared to the pristine sample, possibly 

implying the formation of nickle oxides/hydroxides on the surface 

of the Ni3S2/NF-2 nanosheets.8 Fig. S9 (ESI†) shows the surface 

survey XPS spectra of Ni3S2/NF-2 before and after the OER and 

HzOR. It can be seen that C, O, S and Ni elements can be detectable 

for the Ni3S2/NF-2 before and after the HzOR, while only C, O and Ni 

without S can be observed for the Ni3S2/NF-2 after the OER, further 

indicating a possible change of the composition and structure of the 

Ni3S2/NF-2 during the OER in alkaline media. Fig. 5b shows the high-

resolution Ni 2p XPS spectra of Ni3S2/NF-2 before and after the OER 

and HzOR. As shown, the two strong peaks at the binding energies 

of 855.7 and 873.4 eV can be observed for the Ni3S2/NF-2 before 

and after the HzOR, attributing to the Ni 2p3/2 and Ni 2p1/2, 

respectively.38,50 Comparatively, these two peaks with obviously 

enhanced intensity of the Ni3S2/NF-2 after the OER happen to a 

slight shift (~0.4 eV) toward high binding energy, suggesting the 

formation of high valence-state nickel species, such as oxides, 

hydroxides and oxyhydroxides during the OER in alkaline 

media.38,50,51 Additionally, the high-resolution S 2p XPS spectra (Fig. 

5c) of the Ni3S2/NF-2 before and after the OER and HzOR exhibit 

that the peaks of S 2p3/2 and S 2p1/2 at the binding energies of 162.5 

and 163.7 eV can be detected for the Ni3S2/NF-2 before and after 

the HzOR, while the corresponding peaks are almost completely 

disappeared for the Ni3S2/NF-2 after the OER with an obviously 

enhanced O 1s peak intensity (Fig. 5d). The above results 

 

 
Fig. 6 The differential charge density graph of stable adsorption configurations of 

N2H4 and H2O molecule with the side (up) and top (down) view, respectively. Ni, 

S, O, N, and H in light blue, yellow, red, green and white, respectively. Where the 

yellow and cyan contours indicate the charge accumulations and reductions with 

the iso-surface value of 0.003 e/bohr3, respectively. 

 

 
Fig. 7 (a) LSV curves for the Ni3S2/NF-2 with the presence and absence of 0.2 

M hydrazine in 1.0 M KOH using a two-electrode system. (b) Stability test for 

the Ni3S2/NF-2 with the presence of 0.2 M hydrazine in 1.0 M KOH with 

current density of 20 mA cm-2. 
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demonstrate that the surface structure and composition of the 

Ni3S2/NF-2 after the OER may happen to a change owing to higher 

OER potential, while the Ni3S2/NF-2 after the HzOR process 

maintains good surface structure/composition properties as same 

as the pristine Ni3S2/NF-2 ascribed to lower HzOR potential.  

Owing to well-maintained surface structure and composition of 

the Ni3S2/NF-2 after the HzOR obtained at lower oxidation potential, 

we can therefore construct a meaningful atomic structure model to 

understand theoretically its superior HzOR activity. The detailed 

theoretical calculations information is supplied in the experiment 

section. As we know, the adsorption of reactants on the catalyst 

surface is a key step for their following electrocatalytic reaction.53,27 

The corresponding Ni3S2(110) surface, H2O and N2H4 molecule 

models are shown in Fig. S2 and Fig. S10 (ESI†), respectively. The 

stable adsorbate configurations of H2O and N2H4 molecules are 

displayed in Fig. 6 and Fig. S3 (ESI†), which bound with a low 

coordinate Ni atom (Ni-1) through N (O) atom with single-dendate 

configuration on Ni3S2(110) surface. The adsorption energy of N2H4 

on Ni3S2(110) surface is -1.41 eV, much lower than that (-0.82 eV) of 

H2O, as shown in Table S2 (ESI†). It means that the interaction 

between N2H4 molecule and Ni3S2(110) surface is much stronger 

than H2O, N2H4 will be prior to occupy the surface. Furthermore, 

Bader charge analysis indicates that N2H4 molecule can obtain much 

more electrons than H2O molecule by 0.0705 in Table S2 (ESI†). 

After adsorption, the bond length of O-H and bond angle of H-O-H 

of H2O are slightly increased from 0.972 Å to 0.985 Å and 104.533° 

to 105.597°, respectively, in comparison with the free H2O 

molecule. For N2H4 molecule, the bond length of N-H also increases 

a little from 1.029 Å to 1.031 Å, but the bond angle of H-N-N and H-

N-H increases obviously from 103.871° to 112.625° and 102.403° to 

108.814°, respectively. It displays that the Ni3S2(110) surface can 

active N2H4 molecule enormously than H2O. More importantly, the 

bond length of N-N decreased from 1.488 Å to 1.450 Å, 

approximate to the bond length of N2 molecule with 1.117 Å, 

implying that N2H4 can be electrocatalytically oxidized to N2.53 Last 

but not least, the desorption of the oxidation products of H2O and 

N2H4 are also very important. We therefore consider the adsorption 

of O2 and N2 on the Ni3S2(110) surface, as shown in Fig. S11 (ESI†). 

The DFT calculations results indicate that the adsorption energy of 

N2 on the Ni3S2(110) surface is -0.97 eV, obviously higher than that 

(-1.41 eV) of N2H4 by 0.44 eV while lower than that (-0.82 eV) of 

H2O by -0.15 eV. It means that the oxidation product (N2) of N2H4 

can easily desorb from the Ni3S2(110) surface, thus leaving the 

active sites. Although the adsorption energy of O2 on the Ni3S2(110) 

surface is -1.42 eV,  the lowest value among all, H2O cannot be 

captured by the surface in the presence of hydrazine.  

To announce the bond mechanism of H2O and N2H4 molecules 

with Ni3S2(110) surface, their band decomposed charge densities 

around the Fermi level were calculated, as illustrated by Fig. S12 

(ESI†). For the Ni3S2 (110) surface, the Ni exposed surface exhibits 

much more charge distribution than S exposed layer surface, and 

Ni-1 atoms have much more charge distribution than high 

coordinate Ni atoms (Ni-2). The highest occupied molecule orbital 

(HOMO) and lowest unoccupied molecule orbital (LUMO) of H2O 

and N2H4 molecules were mainly contributed by O and N atoms in 

Fig. S12 (ESI†), respectively. They could also explain the adsorption 

configurations of H2O and N2H4 molecules, namely, the N (O) atom 

of N2H4 (H2O) bound with Ni-1 atom. The differential charge density 

analysis shows that N2H4 adsorption exists much more orbital 

overlap than H2O adsorption in the Fig. 6. It demonstrates that the 

N2H4 molecules are readily adsorbed and activated on the 

Ni3S2(110) surface, thus contributing high HzOR activity at lower 

oxidation potential.  

Additionally, we also find that the as-fabricated Ni3S2/NF-2 

possesses high electrocatalytic activity toward the hydrogen 

evolution reaction (HER) in 1.0 M KOH electrolyte. Fig. S13a (ESI†) 

shows the LSV curves for HER of bare NF, Ni(OH)2/NF, Ni3S2/NF-1, 

Ni3S2/NF-2, Ni3S2/NF-3 and commercial Pt/C coated on NF electrode  

in 1.0 M KOH. Apparently, the Ni3S2/NF-2 exhibits the best HER 

activity with an onset potential of -0.05 V (vs. RHE) and an 

overpotential of 225 mV in 100 mA cm−2, among all investigated 

catalysts except for the commercial Pt/C. The HER property of 

Ni3S2/NF-2 is comparable to the recently reported Ni-based 

catalysts, such as NiCo2S4 NW/NF (210 mV @ 10 mA cm-2), 54 NiCo 

alloy (193 mV @ 10 mA cm-2),9 Ni3S2 (170 mV @ 10 mA cm-2),55 

NiCo2O4 alloy (245 mV @ 100 mA cm-2),56 Ni3S2-based (224 mV @ 

100 mA cm-2),57 Ni0.7Fe0.3S2 (305 mV @ 100 mA cm-2)58 and other 

literatures.59,60 Also, the Ni3S2/NF-2 displays superior kinetic 

reaction for the HER (Fig. S13b, ESI†) and high applicable stability 

and durability (Fig. S13c, d, ESI†). The high HER activity combined 

with its superior HzOR activity makes the Ni3S2/NF-2 promising as 

anode and cathode catalyst for the water splitting to facilitate H2 

generation. Simultaneously, the absence of hydrazine shows 

ignorable affect HER property of Ni3S2/NF-2 sample (Fig. S14, ESI†). 

For this, we constructed a two-electrode system assembled with the 

Ni3S2/NF-2 as both anode and cathode for water splitting to 

generate H2 in 1.0 M KOH containing 0.2 M hydrazine. Fig. 7a shows 

the LSV curves without iR compensation of Ni3S2/NF-2 in 1.0 M KOH 

containing 0.2 M hydrazine. This two-electrode system also shows 

superior HzOR performance, capable of delivering a current density 

of 100 mA cm−2 at an applied voltage of 0.867 V, while the applied 

voltage is 2.01 V to achieve the same current density without the 

presence of hydrazine in 1.0 M KOH. Obviously, the introduction of 

hydrazine in 1.0 M KOH electrolyte can effectively decrease the 

potential of oxidation half-reaction in a two-electrode system, 

meaning significantly enhanced H2 generation through water 

splitting on the Ni3S2/NF-2 cathode. Moreover, as shown in Fig. 7b, 

the stability test indicates that the current density can essentially 

maintain at around 20 mA cm−2 after 10 h reaction in such two-

electrode system, suggesting its high applicable durability. 

Moreover, a two-electrode system with an applied potential of 0.75 

V is constructed to perform the HzOR (0.2 M) experiment for H2 

generation, exhibiting a current of ~38.5 mA (Fig. S15, ESI†). As 

shown in Fig. S16 (ESI†), the H2 and N2 evolution rates of this two-

electrode system are respectively 11.83 and 5.90 μmol min-1 with a 

nearly unity Faradaic efficiency (~100%). The above results 

demonstrate that replacing OER by HzOR using Ni3S2/NF-2 as the 
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oxidation half-reaction in a water splitting system should be a very 

effective strategy to facilitate the H2 generation. 

Conclusions 

In summary, three-dimensional nickel foam supported ultrathin 

Ni3S2 nanosheets electrocatalyst with the nanosheet thickness of 

9~14 nm is successfully fabricated via a VPH approach. The as-

prepared Ni3S2/NF-2 exhibits multifunctional electrocatalytic 

activities, promising for energy-saving electrocatalytic H2 evolution 

in alkaline media through replacing OER by HzOR. The Ni3S2/NF-2 

constructs two-electrode system can afford 100 mA cm−2 at a 

voltage of 0.867 V with high long-term durability in 1.0 M KOH with 

0.2 M hydrazine. The DFT calculations indicate that N2H4 

molecules are more thermodynamic favourable for occupying 

the active Ni atom sites of Ni3S2 than H2O. This work 

demonstrates the feasibility of using transition metal-based 

electrocatalysts integrating more superior fuel molecules oxidation 

reaction for energy-saving electrochemical water splitting to 

generate clean H2. 
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Ultrathin Ni3S2 nanosheets grown on nickel foam (Ni3S2/NF) is 

thermodynamically favourable for the hydrazine adsorption, exhibiting superior 

hydrazine oxidation activity and high-efficiency H2 generation in Ni3S2/NF 

assembled two-electrode system. 
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